Cyt c550 and 12 kDa protein are two extrinsic proteins of photosystem II (PSII) found in cyanobacteria and some eukaryotic algae. The binding patterns of these two extrinsic proteins are different between cyanobacterial (Thermosynechococcus vulcanus) and red algal (Cyanidium caldarium) PSIIs Inoue (1993) Biochemistry 32: 1825; Enami et al. (1998 ) Biochemistry 39: 2787. In order to elucidate the possible causes responsible for these differences, we first cloned the psbV gene encoding Cyt c550 from a red alga, Cyanidium caldarium, which was compared with the homologous sequences from other organisms. Cross-reconstitution experiments were then performed with different combinations of the extrinsic proteins and the cyanobacterial or red algal PSII. (1) Both the cyanobacterial and red algal Cyt c550 bound directly to the cyanobacterial PSII, whereas none of them bound directly to the red algal PSII, indicating that direct binding of Cyt c550 to PSII principally depends on the structure of PSII intrinsic proteins but not that of Cyt c550 itself. (2) Cyt c550 was functionally exchangeable between the red algal and the cyanobacterial PSII, and the red algal 12 kDa protein functionally bound to the cyanobacterial PSII, whereas the cyanobacterial 12 kDa protein did not bind to the red algal PSII. (3) The antibody against the cyanobacterial or red algal 12 kDa protein reacted with its original one but not with the homologous protein from the other organism, whereas the antibody against the red algal Cyt c550 reacted with both cyanobacterial and red algal Cyt c550. These results imply that the structure and function of Cyt c550 have been largely conserved, whereas those of the 12 kDa protein have been changed, in the two organisms studied here.
Introduction
Photosystem II (PSII) performs a series of light-induced electron transfer reactions which ultimately lead to the conversion of light energy into biologically useful chemical energy and the splitting of water into molecular oxygen. The central part of PSII is highly conserved from prokaryotic cyanobacteria to eukaryotic higher plants (for a review, see Bricker and Ghanotakis 1996) . The oxygen-evolving complex of PSII has, however, different extrinsic proteins functioning to maintain its activity and stability, which can be divided into two major groups Inoue 1993, Enami et al. 2000) . Cyanobacterial and red algal PSIIs contain the 33 kDa, 12 kDa proteins and Cyt c550 encoded by the psbO, psbU and psbV genes, respectively, as their extrinsic proteins (Shen et al. 1992 , Enami et al. 1995 , Zouni et al. 2001 , Kamiya and Shen 2003 , whereas green algal and higher plant PSIIs contain the 33 kDa, 23 kDa and 17 kDa proteins encoded by the psbO, psbP, psbQ genes (for a review, see Seidler 1996) . In addition, red algal PSII contains, together with the three homologous cyanobacterial proteins, a unique 20 kDa protein (Enami et al. 1995 , Enami et al. 1998 . Among all of the extrinsic proteins, the 33 kDa protein which is common to all of the organisms is totally exchangeable in binding to and functioning in PSII from different organisms (Enami et al. 2000) .
In addition to the above-mentioned major extrinsic proteins, however, Kashino et al. (2002) recently reported the detection of a PsbQ-like protein in a PSII complex purified from the mesophilic cyanobacterium Synechocystis sp. PCC 6803. Furthermore, homologous sequences of the psbP gene have been found in the genome of cyanobacteria Synechocystis 6803, Thermosynechococcus elongatus and Anabaena sp. PCC 7120 (Cyanobase). Thus, it appears that the genes for the green algal and higher plant extrinsic proteins PsbP and PsbQ have already been present in the prokaryotic cyanobacteria. However, the purified PSII complex from T. vulcanus did not contain PsbP-or PsbQ-like protein (Shen et al. 1992, Shen and Inoue 1993) , and no function has been reported for the PsbQlike protein found in PSII of Synechocystis 6803 (Kashino et al. 2002) . Thus, the classification of two major groups of extrinsic proteins, one in prokaryotic cyanobacteria and some eukaryotic algae and one in green algae and higher plants, remains valid in terms of their function in oxygen evolution.
The binding properties and functions of Cyt c550 and the 12 kDa protein have been studied by release-reconstitution experiments in both cyanobacterial PSII purified from T. vulcanus (Shen and Inoue 1993) and red algal PSII purified from C. caldarium (Enami et al. 1998) . The results obtained show that the binding patterns of these two extrinsic proteins are different between the cyanobacterial and red algal PSIIs. In the cyanobacterial PSII, Cyt c550 can directly bind to PSII essentially independent of the presence of other extrinsic proteins (Shen and Inoue 1993) , whereas effective binding of red algal Cyt c550 to the red algal PSII requires the presence of all of the other extrinsic proteins, namely, the 33 kDa, 20 kDa and 12 kDa proteins (Enami et al. 1998) . Binding of the 12 kDa protein requires the presence of both the 33 kDa protein and Cyt c550 in the cyanobacterial PSII (Shen and Inoue 1993) , or all of the other extrinsic proteins in the red algal PSII (Enami et al. 1998) . The functions of Cyt c550 and the 12 kDa protein in the red algal PSII are manifested clearly by the requirement for Ca 2+ and Cl -of oxygen evolution upon removal of these two proteins from PSII, which resembles closely the function of the 23 kDa and 17 kDa proteins in higher plant PSII (Enami et al. 1998) .
The gene sequences of psbU and psbV encoding the 12 kDa protein and Cyt c550 are known for several species of cyanobacteria , Shen et al. 1997 , Nishiyama et al. 1994 , Nishiyama et al. 1997 . The psbU gene, which is located in the nuclear genome of red algae, has been cloned and sequenced in C. caldarium (Ohta et al. 1999) . The psbV gene is located in the plastid genome in red algae and its sequence can be deduced from the whole genome sequences of two species of red algae, namely, Porphyra purpurea (Reith and Munholland 1995) and C. caldarium (Glockner et al. 2000) .
During the course of this study, however, we found that the psbV gene sequence of C. caldarium we used was different from that had been reported by Glockner et al. (2000) . We thus report here the psbV gene sequence we determined for the red alga C. caldarium. In order to compare the binding and functional properties of Cyt c550 and the 12 kDa protein between the red algal and cyanobacterial PSIIs, we performed crossreconstitution experiments of these two extrinsic proteins from either T. vulcanus or C. caldarium with the red algal or cyanobacterial PSII. The results obtained were discussed in terms of the evolutionary relationship of these proteins from cyanobacteria to red algae.
Results and Discussion
Homology of amino acid sequences of Cyt c550 and the 12 kDa protein between cyanobacteria and red algae
In our previous paper (Ohta et al. 1999) , the psbU gene encoding the 12 kDa protein from the red alga, C. caldarium, was cloned and sequenced. Comparison of the red algal sequence with cyanobacterial ones showed a homology of 44.6% with Phormidium laminosum, 40.2% with Synechococcus PCC7002, and 36.6% with Synechocystis 6803, respectively (Ohta et al. 1999) .
In this study, we cloned and sequenced the psbV gene encoding Cyt c550 from the red alga C. caldarium. The resulting amino acid sequence is shown in Fig. 1 . The whole gene contained 155 amino acid residues with a total molecular mass of 17,220 Da. Based on the N-terminal amino acid sequence of the mature protein (Enami et al. 1995) , the first 20 residues were cleaved off after its synthesis and thus served as a transit peptide required for transfer across the thylakoid membrane. The relatively short transit peptide is consistent with the location of this gene in the plastid genome in red algae, as has been found in other red algae (Reith and Munholland 1995, Glockner et al. 2000) . The resulted mature protein has 135 residues in length with a calculated molecular mass of 14,799 Da. The whole plastid genome sequences of C. caldarium RK1 has been reported by Glockner et al. (2000) , in which the psbV gene sequence can be found. A comparison of our psbV gene sequence with that reported by Glockner et al. showed a homology of 74.4% (Table 1) , even though the two strains were reported to have the same name. The exact cause for this difference is not clear at present, but the two strains may be different. In fact, the sequence of tryptophan synthase alpha subunit gene (trpA) reported by Ohta et al. (1994) from C. caldarium RK1 had an even lower identity of 34.5% with the same gene reported by Glockner et al. (2000) . It is possible that the strain used by Glockner et al. is distinctly different from the C. caldarium RK1 strain generally used in Japan.
Comparison of the Cyt c550 sequences showed that the homology among red algae, Glaucophyta and diatom are generally high (homology 65.0-78.8%), whereas the homology between these eukaryotic algae and cyanobacteria, or even within different species of cyanobacteria, is relatively low (around 40-50%). However, there are some exceptions. For example, the homology between cyanobacteria Microcystis aeruginosa and Synechocystis 6803 is 71.1%, and the homology between the thermophilic cyanobacterium T. vulcanus and red algae, or between T. vulcanus and Glaucophyta, or between T. vulcanus and diatom, is higher than the homology between T. vulcanus and other species of cyanobacteria. On the other hand, the sequence homology of the 12 kDa protein between red algae and cyanobacteria (including T. vulcanus) was around 40% (Ohta et al. 1999) . Thus, while the homology of Cyt c550 between red algae and most species of cyanobacteria is similar with that of the 12 kDa protein, the homology of Cyt c550 is apparently higher than that of the 12 kDa protein between red algae (and other eukaryotic algae) and T. vulcanus. The higher homology of the psbV gene between T. vulcanus and eukaryotic algae than those between T. vulcanus and other species of cyanobacteria has been noticed by Katoh et al. (2001) , but the reason for this difference of homology is not clear at present, although the present sequence comparison seems to put T. vulcanus in a position more close to eukaryotic algae than other cyanobacteria.
Direct binding of Cyt c550 depends on the structure of intrinsic proteins of PSII but not Cyt c550 itself
In order to compare the binding properties of Cyt c550 in cyanobacterial (T. vulcanus) and red algal (C. caldarium) This table shows the ratio of identical residues out of the total residues of the mature cyt c550 from C. caldarium RK1 (Glockner et al. 2000) , P. purpurea (Reith and Munholland 1995) , C. paradoxa (Stirewalt et al. 1995) , O. sinensis (Kowallink et al. 1995) , M. aeruginosa (Cohn et al. 1989 ), Synechocystis sp. PCC 6803 , PCC7002 (Nishiyama et al. 1994) , and C. caldarium (this study).
Red algae
Glaucophyta PSIIs, reconstitution experiments were carried out for CaCl 2 -treated cyanobacterial or red algal PSII which had been depleted of all of the extrinsic proteins ( Fig. 2A, B , lane 2), with Cyt c550 from the cyanobacterial or red algal PSII ( Fig.  2A , B, lane 3 or 4). When Cyt c550 was reconstituted to CaCl 2 -treated cyanobacterial PSII ( Fig. 2A) , both of the cyanobacterial Cyt c550 (Cc550) (lane 3) and red algal Cyt c550 (Rc550) (lane 4) bound directly independent of the presence or absence of the other extrinsic proteins. Fig. 3 shows the amounts of Cyt c550 bound to the CaCl 2 -treated cyanobacterial PSII when reconstitution experiments were carried out by varying the amounts of the cyanobacterial (open circles) or red algal (closed circles) Cyt c550. The amounts of Cyt c550 bound to the cyanobacterial PSII increased in a similar way with increasing amounts of either Cc550 or Rc550, indicating that the red algal Cyt c550 bound to the cyanobacterial PSII with a similar affinity as the cyanobacterial one. On the other hand, both Cc550 and Rc550 were essentially not able to bind to the CaCl 2 -treated red algal PSII in the absence of the other extrinsic proteins (Fig. 2B, lanes 3 and 4) ; the amount of either Cc550 or Rc550 bound to the red algal PSII was around 4% of that of native PSII. These results indicate that direct binding of Cyt c550 to PSII depends on the structure of intrinsic proteins of PSII but not that of Cyt c550 itself, and further suggest that the structure of intrinsic proteins of PSII has been changed between T. vulcanus and C. caldarium, at least in terms of binding of Cyt c550. So far, the following subunits or residues have been reported to interact possibly with Cyt c550: (a) D1-R64 in the a-b loop, mutation of D1-R64E has been reported to decrease the binding affinity of Cyt c550 in Synechocystis 6803 (Li and Burnap 2001) ; (b) CP43-R305, mutation of CP43-R305S has been shown to impair the binding of Cyt c550 in Synechocystis 6803 ; (c) D2, Cyt c550 has been found to form a cross-linking product together with D2 and the 12 kDa protein in purified PSII from T. vulcanus (Han et al. 1994 ). On the other hand, the recent crystal structural analysis has shown that PSII intrinsic subunits that are in positions possibly interacting with Cyt c550 may include D1, CP43, PsbI, PsbK, and Cyt b559 (Kamiya and Shen 2003) . Since both D1-R64 and CP43-R305 are highly conserved from cyanobacteria to eukaryotic algae [including red algae, P. purpurea (Reith and Munholland 1995) and C. caldarium (Glockner et al. 2000) ], they may be excluded as the reason for the difference found in the binding of Cyt c550 in the cyanobacterial and red algal PSIIs. D2 is not close enough to Cyt c550 for a direct interaction between these two subunits in the present crystal structure (Kamiya and Shen 2003) ; this excludes D2 as the source for the observed differences in the binding of Cyt c550. Furthermore, sequence comparisons revealed that the sequences of PsbI and PsbK are highly conserved between cyanobacteria and red algae (not shown). On the other hand, a region in the C-terminal part of Cyt b559 a-subunit which is exposed in the luminal side (Tae et al. 1988 , see also Whitmarsh and Pakrasi 1996 for a review), was found to be different between cyanobacteria and red algae (not shown). This part of the Cyt b559 a-subunit may therefore be responsible for the difference found in the binding property of Cyt c550 between the cyanobacterial and red algal PSIIs.
Comparison of binding and functional properties of Cyt c550 and the 12 kDa protein between cyanobacterial and red algal PSIIs
Since the 12 kDa protein alone cannot bind to the cyanobacterial or red algal PSII (Shen and Inoue 1993, Enami et al. 1998), we performed reconstitution experiments between the CaCl 2 -treated cyanobacterial PSII (Fig. 4 , lane 2) and various combinations of the cyanobacterial or red algal Cyt c550 (Cc550 or Rc550) and 12 kDa protein (C12 or R12) in the presence of the cyanobacterial 33 kDa protein (C33) (Fig. 4 , lane 3). As described above (in Fig. 2 ), Rc550 (lane 6), as well as Cc550 (lane 4), bound to the cyanobacterial PSII in the absence of the 12 kDa protein. The cyanobacterial 12 kDa protein bound to the cyanobacterial PSII in the presence of the 33 kDa protein and Cyt c550 (lane 5), in consistent with the results reported previously (Shen and Inoue 1993) . R12 also bound to the cyanobacterial PSII completely when the protein was reconstituted in combination with either Rc550 (lane 7) or Cc550 (lane 8). In addition, C12 was able to bind to the cyanobacterial PSII completely in combination with Rc550 and C33 (lane 9). These indicate that the red algal Cyt c550 and 12 kDa protein have the same binding abilities with the cyanobacterial PSII as the cyanobacterial proteins. Table 2 shows the recoveries of oxygen-evolving activity of the CaCl 2 -treated cyanobacterial PSII reconstituted with the cyanobacterial or red algal Cyt c550 and the 12 kDa protein in various combinations as shown in Fig. 4 . Oxygen-evolving activities of the cyanobacterial PSII reconstituted with C33 plus Rc550, or C33 plus Rc550 and R12 recovered up to the same levels as those reconstituted with C33 plus Cc550, or C33 plus Cc550 and C12, respectively, either in the absence or presence of NaCl or CaCl 2 . This indicates that the red algal Cyt c550 and 12 kDa protein are equally functional in the cyanobacterial PSII as the cyanobacterial Cyt c550 and 12 kDa protein. In particular, a significant recovery of oxygen evolution measured in the absence of both NaCl and CaCl 2 was found with the cyanobacterial PSII upon reconstitution with either the cyanobacterial or red algal 12 kDa protein in the presence of the 33 kDa protein and Cyt c550, consistent with our previous report that the 12 kDa protein is required to diminish the Cl --requirement of oxygen evolution in the red algal PSII (Okumura et al. 2001) . When the CaCl 2 -treated cyanobacterial PSII was reconstituted with C33 plus Cc550 and R12, or C33 plus Rc550 and C12, recovery of oxygen-evolving activities was slightly lower than those reconstituted with C33 plus Cc550 and C12, or C33 plus Rc550 and R12. This implies that the combination of Cyt c550 and the 12 kDa protein between the cyanobacterium and the red alga is slightly less effective on recovery of oxygen-evolving activity than those from the same organisms, probably due to a decreased interaction of Cyt c550 and the 12 kDa protein from different species. treated red algal PSII (lane 2) which had been reconstituted with R33 (lane 3) was reconstituted with Rc550 and R12 together with R20, their extrinsic proteins bound completely to PSII (lane 5), consistent with results reported previously (Enami et al. 1998) . In contrast, when Cc550 and C12 were reconstituted instead of Rc550 and R12, the amounts of these proteins rebound were considerably low (lane 7). When Cc550 was reconstituted together with R12, these proteins bound to the red algal PSII completely (lane 9), whereas no binding of C12 was observed when C12 was reconstituted together with Rc550 (lane 8). This indicates that the cyanobacterial Cyt c550 can replace the red algal Cyt c550 in binding to the red algal PSII in the presence of the red algal 12 kDa protein, whereas the cyanobacterial 12 kDa protein cannot replace the red algal 12 kDa protein in binding to the red algal PSII. The possible reason for this difference of binding between Cyt c550 and 12 kDa protein may be partially due to the low homology of the 12 kDa protein between the red alga and T. vulcanus than that of cyt c550 (see above). Table 3 shows oxygen-evolving activities of the red algal PSII reconstituted with various combinations of the extrinsic proteins as shown in Fig. 5 . Oxygen-evolving activity of the red algal PSII reconstituted with Cc550 instead of Rc550 in the presence of R33, R20 and R12 recovered up to the same level as that reconstituted with all of the red algal extrinsic proteins in either the presence or absence of NaCl or CaCl 2 . Here again, reconstitution with the 12 kDa protein completely diminished the Cl --requirement of oxygen evolution. In contrast, the red algal PSII reconstituted with C12 instead of R12 in the presence of R33, R20 and Rc550 or Cc550 resulted in no recovery of oxygen-evolving activity, consistent with the lack of binding of C12 to the red algal PSII. These results indicate that the cyanobacterial Cyt c550 is functionally exchangeable with the red algal Cyt c550 but the cyanobacterial 12 kDa protein is not exchangeable in the red algal PSII.
Cross-reactivities of cyanobacterial and red algal 12 kDa proteins with their antibodies
In order to compare the relatedness of the extrinsic proteins between cyanobacteria and red algae, we raised polyclonal antibodies against the 12 kDa protein from both T. vulcanus and C. caldarium, and against Cyt c550 of the red alga. The reactivities of these antibodies with respective extrinsic proteins were shown in Fig. 6 . The antibody against the cyanobacterial 12 kDa protein reacted with the cyanobacterial protein ( Fig. 6-IA, lane 1) but not with the red algal protein (Fig. 6-IA,  lane 2) . Similarly, the antibody against the red algal 12 kDa protein reacted with the red algal protein (Fig. 6 -IB, lane 2) but not with the cyanobacterial protein (Fig. 6-IB, lane 1) . In contrast, the antibody against the red algal Cyt c550 reacted with Table 3 Restoration of oxygen evolution of the CaCl 2 -treated red algal PSII upon reconstitution with the cyanobacterial and red algal extrinsic proteins
Values shown are the averages of five measurements.
-ion (%) + 10 mM NaCl (%) + 5 mM CaCl 2 (%)
Cyanidium PSII 2,310±60 (100) 2,330±70 (100) 2,342±75 (100) CaCl 2 -treated PSII 0± 0 (0) 0± 0 (0) 115± 5 (5) + R33 0± 0 (0) 296± 8 (13) 769±20 (33) + R33 + R20 + Rc550
112±10 (5) 468±19 (20) 913±45 ( both the cyanobacterial and red algal Cyt c550 (Fig. 6 -II, lanes 1 and 2). These results indicate that the antibody-recognition sites of the 12 kDa protein are clearly different between the cyanobacterium T. vulcanus and the red alga C. caldarium, whereas Cyt c550 has the common antibody-recognition sites between the two organisms. These may reflect the higher homology of Cyt c550 than that of the 12 kDa protein between T. vulcanus and C. caldarium. A higher conservation of Cyt c550 than the 12 kDa protein between these two organisms may, in part, be attributable to a more important role of Cyt c550 than the 12 kDa protein in PSII, as has been reported previously (Shen and Inoue 1993 , Shen et al. 1997 , Enami et al. 1998 . This is also consistent with the recently reported PSII crystal structure which shows that Cyt c550 is located immediately adjacent to the membrane surface but the 12 kDa protein is in a position around 30 Å apart from the membrane surface (Kamiya and Shen 2003) .
In conclusion, the present results show that the structure and function of Cyt c550 are rather conserved between the cyanobacterium T. vulcanus and the red alga C. caldarium, whereas the structures of the 12 kDa protein and PSII intrinsic proteins (at least with respect to the binding sites of Cyt c550) have been changed between these two organisms. Whether these differences reflect the evolutionary changes of PSII extrinsic proteins from cyanobacteria to red algae and other eukaryotic algae needs to be studied further using PSIIs from mesophilic cyanobacteria and other eukaryotic algae.
Material and Methods
For cloning the psbV gene encoding the red algal Cyt c550, oligonucleotides were synthesized based on the N-amino acid sequence of the red algal Cyt c550 determined previously (Enami et al. 1995) , and were used as primers for degenerated PCR. The complete sequence of the gene was determined using modified 5¢-and 3¢-RACE methods as described previously (Ohta et al. 1999) .
Cyanobacterial and red algal PSIIs were purified from T. vulcanus and C. caldarium RK1, according to the methods of Shen et al. (1992) , Shen and Inoue (1993) and Enami et al. (1995) , respectively. The extrinsic proteins from these PSIIs were purified according to our previous papers Inoue 1993, Enami et al. 1998) .
For reconstitution experiments, cyanobacterial and red algal PSIIs were treated with 1 M CaCl 2 to remove all of the extrinsic proteins, and suspended in 50 mM MES (pH 6.5) and 25% glycerol. Reconstitution of CaCl 2 -treated PSII with various extrinsic proteins either alone or in combination was performed in the above buffer for 30 min on ice in the dark, at 0.1 mg Chl (ml) -1 and a ratio of each extrinsic protein-to-PSII of 3 : 1, unless indicated otherwise. The ratio of extrinsic proteins and PSII for reconstitution was determined as described previously (Enami et al. 2000) . After reconstitution, an aliquot of concentrated PEG 6000 was added to the reconstitution mixtures to a final concentration of 10% and then the mixtures were centrifuged at 410,000´g for 30 min. The resulting precipitates were suspended in the above buffer, and used for oxygen evolution measurements and electrophoretic analysis according to Enami et al. (2000) .
Oxygen evolution was measured with a Clark-type electrode at 25°C in a medium containing 25% glycerol and 50 mM MES (pH 6.5), with 0.4 mM phenyl-p-benzoquinone as electron acceptor. SDSpolyacrylamide gel electrophoresis was performed with a gradient gel containing 16-22% acrylamide and 7.5 M urea (Ikeuchi and Inoue 1988) , as described previously (Enami et al. 2000) . The amounts of samples loaded to each lane corresponded to 8 mg Chl. Chl concentrations were determined with the method of Porra et al. (1989) .
The antibodies against the cyanobacterial or red algal 12 kDa protein or the red algal Cyt c550 were raised in rabbits as described by Aoki et al. (1986) . For immunoblotting, proteins resolved by gel electrophoresis were electrotransferred to a PVDF membrane (MILLI-PORE Immobilon™-P) and detected by enzyme-linked immunoblot analysis as described previously (Enami et al. 1990 ).
For convenience, we name the three extrinsic proteins of cyanobacterium (T. vulcanus) as C33, Cc550, C12, and the four extrinsic proteins of red alga (C. caldarium) as R33, R20, Rc550, R12, respectively.
